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Phylogenetic analysis of monkeypox virus genomes
showed statistically significant divergence and nascent
subclades during the 2022 mpox outbreak. Frequency of
G>A/C>T transitions has increased in recent years, prob-
ably resulting from apolipoprotein B mRNA editing enzyme
catalytic polypeptide 3G (APOBEC3) deaminase editing.
This microevolutionary pattern most likely reflects commu-
nity spread of the virus and adaptation to humans.

onkeypox virus (MPXV) is a double-stranded

DNA virus mostly associated with rodents
and occasionally spilling over to humans, causing
outbreaks of mpox (formerly monkeypox) that have
been relatively short-lived and self-limiting because
of ineffective transmission among humans (1). How-
ever, this view is challenged by reports that, since
the start of the ongoing outbreak, in early April
2022, a total of 49,482 mpox cases in 94 countries had
been confirmed (https://ourworldindata.org/mon-
keypox). Initial epidemiologic studies provided evi-
dence of sustained human-to-human transmission
in some non-MPXV-endemic countries in Europe,
through close contacts, including in sexual networks
(2). The first MPXV genome sequences from the out-
break were reported from Portugal on May 19, 2022
(3), and multiple additional sequences, which can
shed light on virus circulation, are now available.
Initial phylogenetic analyses indicated that the vi-
rus causing the 2022 outbreak belonged to MPXV
clade II (formerly West African clade), which is less
severe than clade I (formerly Congo Basin clade) (4),
suggesting that the current outbreak was caused by
the recent introduction of the virus into communi-
ties in non-MPXV-endemic countries (2). However,
further analysis including additional MPXV genome
sequences indicates a different scenario.

Indeed, phylogenetic analysis of 105 MPXV ge-
nomes (Appendix Table 1, https:/ /wwwnc.cdc.gov/
EID/article/29/2/22-0962-Appl.pdf) revealed that
viruses from 2022 belong to 2 clades that can be traced
back to the previous 2017-2018 outbreak (Figure).
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One of those subclades, so far only identified in the
United States (5), seems to have limited circulation
(only 3 cases). All other 2022 viral genomes form a
large monophyletic group, although a substantial lev-
el of sequence divergence among strains can already
be detected, with several nascent subclades (Figure).
Such divergence is not compatible with a recent di-
versification of the virus during the past few months
of the outbreak. Rather, it reflects a continuous micro-
evolution since the previous outbreak in 2017-2018.
The most recent common ancestor for the 2022 out-
break can be traced back to around 20 years ago, at a
rather similar time as the most recent common ances-
tor for the 2017-2018 outbreak. Furthermore, MPXVs
from the 2022 outbreak are more closely related to
strains that had been exported from Africa during
the previous outbreak, rather than with strains circu-
lating in Nigeria at that time. A strain from a person
who traveled from Nigeria to Maryland, USA, in 2021
(5) can also be traced back to the root of the 2022 out-
break. Thus, the most likely scenario is that there has
been silent and undetected circulation of MPXV, pos-
sibly including multiple non-MPXV-endemic coun-
tries outside Africa, since the 2017-2018 outbreak.

Our observations raise the question of potentially
increased adaptation of current virus strains to humans.
Variations in genomic content may shape the evolution
of orthopoxviruses, and gene gain/loss may correlate
with pathogenicity and host adaptation (6). We found
multiple genomic changes in the MPXVs from 2022; at
least 51 single-nucleotide polymorphisms (SNPs) differ-
entiated the first 18 viral genomes from the 2022 out-
break from those from 2017-2018 (Appendix Table 2)
and a few larger insertions/deletions. Of the 51 SNPs,
26 caused amino acid changes and 21 were synonymous
substitutions. Additional SNPs can be detected among
genome sequences from 2022, underlying the estab-
lished divergence within the outbreak (Appendix Table
2). Those changes may be associated with mutational
pressure and adaptation (7,8), and future studies should
help assess their phenotypic effects.

Further analysis of the substitutions showed
major bias in their distribution in viruses from 2022;
61/70 (87.1%) of all substitutions were G>A/C>T
transitions, followed by 6/70 (8.6%) T>C/A>G tran-
sitions, and 2/70 (2.8%) were C>A/G>T transver-
sionsand 1/70 (1.4%) A>C/T>G transversions. Com-
parison of these substitution proportions with those
observed in clade II up to 2018 and those from the
clade I showed a striking pattern (Appendix Figure).
Indeed, viruses from both clades had nearly identi-
cal proportions of substitution types before 2018, and
the proportion of G>A/C>T transitions in clade 1I
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Figure. Origin of the 2022 outbreak of monkeypox virus (MPXV)
infections. MPXV phylogeny of the 2022 outbreak, created by using

87 sequences from the 2022 outbreak together with sequences

from past cases. Whole-genome Bayesian phylogeny and molecular
estimates of divergence times were performed in BEAST 2.6.7 (https:/
beast.community) by using a generalized time reversible substitution
model and a molecular clock of 5 x 10-® substitutions/site/year under
the assumption of constant population size. The model was run for 1
million generations and a burn-in of 10,000 trees. The maximum clade
credibility tree is shown, and blue bars indicate uncertainty in node age
for nodes with >50% support. Red indicates tree branches for 2022
strains. Sequence names for the 2022 outbreak are color-coded as
follows: red, Europe; pink, North America; and blue, Asia.
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viruses from 2022 had doubled (x*= 55.3; p<0.0001)
(Appendix Figure). Those considerable changes in
substitutions most likely reflect the editing activity
of the human APOBEC3G enzyme (apolipoprotein B
mRNA editing enzyme, catalytic subunit 3G), which
catalyzes strand-specific C>U deamination, resulting
in G>A substitutions in the complementary strand of
viral genomes (A. O'Toole, unpub. data, https:/ /vi-
rological.org/t/initial-observations-about-putative-
apobec3-deaminase-editing-driving-short-term-evo-
lution-of-mpxv-since-2017/830; [9]).

In conclusion, our analyses of MPXV genome se-
quences indicate that the virus has been circulating
silently and undetected for about 2 decades, probably
in multiple non-MPXV-endemic countries outside
of Africa. Also, a clear genomic signature of a recent
change in hosts is evidenced by major changes in its
nucleotide substitution pattern. Our observations
have major public health implications; the changing
epidemiology of MPXV infections and human circu-
lation of the virus in non-MPXV-endemic countries
call for increased surveillance (1). The public health
crisis caused by the COVID-19 pandemic may have
favored the spread of MPXV under the radar in the
past few years; however, the existence of asymptom-
atic carriers cannot be ruled out and may have con-
tributed to the undetected spread of MPXV.
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A SARS-CoV-2 Omicron BA.5 outbreak occurred in Ma-
cau from mid-June through July 2022. Out of >1,800
laboratory-confirmed cases, most were mild or asymp-
tomatic; only 6 deaths were recorded. The outbreak was
controlled through stringent public health and social mea-
sures, such as repeated universal testing and a stay-at-
home order lasting 2 weeks.
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Appendix
Appendix Table 1. List of MPXV genome sequences used

Accession # Country Year
AF380138 Zaire

AY603973 WRAIR7-61

AY741551 Sierra Leon 2005
AY753185 Denmark 1958
DQ011153 USA 2003
DQ011154 Congo 2002
DQ011155 Zaire 1979
DQO011156 Liberia 1970
DQ011157 USA 2003
HM172544 Zaire 1979
HQ857562 Zaire

HQ857563 D14L knockout 2007
ITM_MPX_1 Belgium 2022
JX878407 DRC 2006
JX878408 DRC 2006
JX878409 DRC 2006
JX878410 DRC 2006
JX878411 DRC 2006
JX878412 DRC 2006
JX878413 DRC 2006
JX878414 DRC 2006
JX878415 DRC 2006
JX878416 DRC 2006
JX878417 DRC 2006
JX878418 DRC 2007
JX878419 DRC 2007
JX878420 DRC 2007
JX878421 DRC 2007
JX878422 DRC 2007
JX878423 DRC 2007
JX878424 DRC 2007
JX878425 DRC 2007
JX878426 DRC 2007
JX878427 DRC 2007
JX878428 DRC 2007
JX878429 DRC 2007
KC257459 Sudan 2005
KC257460 DRC 1985
KJ642612 Zaire 1986
KJ642613 Zaire 1978
KJ642614 Netherlands 1965
KJ642615 Nigeria 1978
KJ642616 France 1968
KJ642617 Nigeria 1971
KJ642618 Cameroon 1990
KJ642619 Gabon 1988
KP849469 DRC 2008
KP849470 Coéte d’lvoire 1971
KP849471 DRC 1985
LC722946 Japan 2022
MK783028 Nigeria 2017
MK783029 Nigeria 2017
MK783030 Nigeria 2017
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Accession # Country Year

MK783031 Nigeria 2017
MK783032 Nigeria 2017
MN346690 Cote d’lvoire 2017
MN346691 Céte d’lvoire 2017
MN346692 Céte d’lvoire 2017
MN346693 Cote d’lvoire 2017
MN346694 Coéte d’lvoire 2017
MN346695 Coéte d’lvoire 2017
MN346696 Cote d’lvoire 2017
MN346697 Coéte d’lvoire 2017
MN346698 Céte d’lvoire 2017
MN346699 Cote d’lvoire 2017
MN346700 Céte d’lvoire 2017
MN346702 Coéte d’lvoire 2018
MN648051 Israel 2018
MN702448 CAR 2018
MT250197 Singapore 2019
MT903337 Nigeria 2018
MT903338 Nigeria 2018
MT903339 Nigeria 2018
MT903340 Nigeria 2018
MT903341 Nigeria 2018
MT903342 Singapore 2019
MT903343 UK 2018
MT903344 UK 2018
MT903345 UK 2018
MT903346 USA 2003
MT903347 USA 2003
MT903348 USA 2003
NC003310 Zaire 1996
ON563414 USA 2022
ON568298 Germany 2022
ON585029 Portugal 2022
ON585030 Portugal 2022
ON585031 Portugal 2022
ON585032 Portugal 2022
ON585033 Portugal 2022
ON585034 Portugal 2022
ON585035 Portugal 2022
ON585036 Portugal 2022
ON585037 Portugal 2022
ON585038 Portugal 2022
ON595760 Switzerland 2022
ON602722 France 2022
ON609725 Slovenia 2022
ON615424 The Netherlands 2022
ON622712 Belgium 2022
ON622713 Belgium 2022
ON649879 Israel 2022
ON674051 USA 2022
ON675438 USA 2022
ON676707 USA 2021
ON676708 USA 2021
ON720849 Spain 2022
ON782021 Finland 2022
ON782054 Spain 2022
ON792320 Switzerland 2022
ON792322 Switzerland 2022
ON843166 Portugal 2022
ONB843168 Portugal 2022
ON911481 Mexico 2022
ON918656 Taiwan 2022
ON959143 Finland 2022
ON983168 Czech Republic 2022
OP012849 Taiwan 2022
OP013005 Canada 2022
OP013006 Canada 2022
OP018591 Germany 2022
0OP018592 Germany 2022
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Accession # Country Year

OP133004 Austria 2022
OP133005 Austria 2022
OP133006 Austria 2022
OP150925 USA 2022
0OP150927 USA 2022
OP160532 The Netherlands 2022
OP171922 USA 2022
OP171923 USA 2022
OP185709 USA 2022
OP185710 USA 2022
OP185711 USA 2022
OP185715 USA 2022
OP185716 USA 2022
OP185717 USA 2022
0P204857 South Korea 2022
OP205069 UK 2022
0OP205070 UK 2022
OP205111 UK 2022
0OP205112 UK 2022
0OP205113 UK 2022
OP205133 UK 2022
0OP205134 UK 2022
0OP205135 UK 2022
OP205136 UK 2022
OP205137 UK 2022
0OP205138 UK 2022
OP205139 UK 2022
0OP225960 USA 2022
0P225963 USA 2022
0OP225965 USA 2022
0OP225966 USA 2022
0P225967 USA 2022
0OP225968 USA 2022
0OP225969 USA 2022
0P257252 USA 2022
OP257253 USA 2022
OP257264 USA 2022
0OP257265 USA 2022
OP263634 Germany 2022
0OP263635 Germany 2022
OP263636 Germany 2022
OP270024 Canada 2022
OP279045 Canada 2022
OP279046 Canada 2022
0P289782 Peru 2022
0OP289783 Peru 2022

*We thank the respective authors for making these sequences publicly available. This work does not involve human or animal subjects and is exempt from
IRB/IACUC review.
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Appendix Table 2. SNP signatures differentiating MPXV from 2022 from the previous outbreak*

Affected sequences SNPt Gene/Protein AA changet
all 2022 G1263A gp001 S105L
all 2022 G2597A gp002 S54F
all 2022 G3117A gp003 D264N
all 2022 G3528A gp003 no change
all 2022 C3824T gp003 no change
all 2022 C8281T gp006 no change
all 2022 C14512T gp012 A423D
all 2022 C15941A Intergenic -
all 2022 G22246A gp025 no change
all 2022 G26184A gp029 S36F
all 2022 G30890A gp035 R48C
all 2022 G31576A gp035 no change
all 2022 G34982A gp041 P78S
all 2022 G37725A gp044 E125K
all 2022 G38883A gp044 no change
all 2022 C39185T gp044 no change
all 2022 C39642T gp045 no change
all 2022 C39662T gp045 E353K
all 2022 T40290C gp045 no change
all 2022 T44450C gp051 K658E
all 2022 G54642A gp057 L108F
all 2022 G64824A gp068 no change
all 2022 C73593T gp078 S30L
all 2022 G73766A gp078 D88N
all 2022 G74732A gp079 M142]
all 2022 G77911A gp083 E162K
all 2022 G81803A gp090 no change
all 2022 C82901T gp090 no change
all 2022 G82979A gp090 no change
all 2022 C85115T gp090 no change
all 2022 G95562A gp100 no change
all 2022 G124660A gp129 E62K
all 2022 G125204A gp129 R243Q
all 2022 C129228T gp134 S307L
all 2022 C151028T gp157 H221Y
all 2022 A152029C Intergenic -
all 2022 A152497G gp159 K141E
all 2022 G156363A Intergenic -
all 2022 G162811A gp165 no change
all 2022 C162899T gp165 no change
all 2022 G170835A gp172 no change
all 2022 T171146C gp172 L1798
all 2022 G178847A Intergenic -
all 2022 G183108A gp182 D210N
all 2022 C184647T gp182 no change
all 2022 G187706A gp182 M17411
all 2022 G194770A gp189 D266N
all 2022 c195066T gp189 no change
all 2022 c195477T gp189 no change
all 2022 c195997T gp190 S54F
all 2022 c197326T gp191 S105L
Unique SNPs within 2022 MPXV genomes
UZ REGA1 Belgium insert A 171 Intergenic -
ON585038, Portugal Insert TT 595-596 Intergenic -
ON595760, Switzerland Insert T 617 Intergenic -
ON595760, Switzerland multiple changes gp002 H79P, S85I, Q94R, E96K, frameshift
ON595760, Switzerland Insert A 4646 Intergenic -
PTO08 C17490T gp014 no change
ON595760, Switzerland G19465A gp021 S66L
ON602722, France Del A 44024 Intergenic -
UZ REGA1 Belgium C46648T gp952 R120K
ON595760, Switzerland insert A 51344 gp056 frameshift
ON585033, Portugal C55600T gp059 D24N
ON609725, Slovenia g55658a gp059/gp060 no change
ON609725, Slovenia del A55650 gp059 frameshift
ON602722, France del A55650 gp059 frameshift
ON595760, Switzerland insert A 58277 gp062 frameshift
ON609725, Slovenia C64953T gp068 no change
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Affected sequences SNPt Gene/Protein AA changet
ON563414, USA insert A 77781 gp083 frameshift
ON585037, Portugal G83381A gp090 no change
ON602722, France C90434T gp095 S92F
ON602722, France del T 95317 gp100 framshift
ON602722, France G95326A gp100 E47K
ON595760, Switzerland insert C 102112 gp105 frameshift
ON595760, Switzerland insert T 122925 gp127 frameshift
ON585032, Portugal insert ATC 137049 gp138 insert D372
ON602722, France G151117T Intergenic -
NLO01_2022, Netherlands G156179A Intergenic -
ON609725, Slovenia G168089A gp170 E62K
NLO01_2022, Netherlands G171578A gp173 E6K
ON602722, France insert A 174618 Intergenic -
ON585037, ON585038, Portugal, G177537A gp178 E390K
ON585037, ON585038, Portugal, G182495A gp182 no change
ON568298, Germany C188282T Intergenic

ON609725, Slovenia G191789A gp187 R84K
ON595760, Switzerland insert A 197489 gp191 frameshift

*Analysis based on the first 18 MPXV genome sequences released.
tPosition of SNPs based on Singapore 2019 genome sequence (accession #MT903342).
FAA: amino-acid, position given within each viral protein.
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Appendix Figure. Distribution of substitution proportions. The proportion of substitutions (+ 95% CI)
according to their type was recorded among MPXV genomes from the 2022 outbreak (clade 11 2018—
2022, 18 sequences), and compared with the substitution pattern in clade Il prior to 2018 (clade Il before
2018, 23 sequences), and to clade | (40 sequences). A significant change in substitution pattern can be
detected in recent years (x?=55.3, P<0.0001), and the proportion of G>A/C>T transitions almost doubled

in viruses from the 2022 outbreak.
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